ABSTRACT Soybean aphid populations have been hypothesized to respond to nutrient availability in soybean plants. We examined how soil potassium (K) deÞciency affects soybean aphid population at both regional and Þeld level scales. First, we measured soil and leaf nutrient levels and monitored soybean aphid populations in 34 production soybean Þelds throughout Wisconsin. A principle component analysis (PCA) was used to examine the relationship between soil and leaf nutrients and soybean aphid population growth. Results showed that aphid population growth rate was negatively correlated with soil K and P and leaf K, N, P, and S, whereas peak aphid densities were positively correlated with the same suite of soil and leaf nutrients. In a manipulative Þeld experiment, we established low, medium, and high K fertility soybean plots and determined life table parameters of soybean aphids. Aphids developing within clip-cages showed a signiÞcantly greater intrinsic rate of population increase and net reproductive rate in the low K treatments in comparison with the medium and high K treatments. In these same plots, naturally colonizing populations of soybean aphids also had signiÞcantly higher peak abundance and rate of population increase in the low K treatment compared with medium and high K treatments. In general, these Þndings indicate that soil K availability and leaf K levels affect plant quality and may play an important role in soybean aphid population dynamics.
THE SOYBEAN APHID, Aphis glycines Matsumura, is a recent invasive insect that was Þrst reported in the United States during the 2000 growing season (Ragsdale et al. 2004) . The native range of the soybean aphid includes much of eastern Asia where it can be a damaging pest of soybean (Wang et al. 1962 (Wang et al. , 1994 . In the northcentral United States, the soybean aphid has been capable of causing severe damage to soybean through direct feeding (Macedo et al. 2003) , with yield losses commonly ranging from 15 to 20% (Potter 2003 , Myers et al. 2005a ). In addition to direct feeding damage, soybean aphid is also responsible for transmitting several plant viruses to soybean (Clark and Perry 2002) that reduce yield and seed quality (Ren et al. 1997) .
In the northcentral United States, soybean aphid population densities have varied considerably from year to year. During 2001 and 2003, soybean aphid populations exhibited outbreak levels and production Þelds with several thousand aphids per plant were commonly reported (S.W.M., unpublished data).
However, during the 2002 and 2004 growing seasons, aphid population levels were relatively low, with few if any yield losses reported from soybean producers (Ragsdale et al. 2004 ). In addition, aphid densities also varied considerably among production Þelds within growing seasons (Onstad et al. 2005) . Currently, little is known regarding the factors that regulate soybean aphid populations and contribute to population outbreaks. While natural enemies have been shown to reduce soybean aphid densities (Ellingson 2004 , Fox et al. 2004 , it has also been speculated that spring temperature, rainfall patterns, and timing of soybean colonization by alate aphids all contribute to overall aphid abundance (Ragsdale et al. 2004) . Variation in soybean aphid populations within years may be partially attributed to host nutritional quality, soybean cultivar, and plant phenology. Hill et al. (2004) found that differences among soybean varieties can impact aphid fecundity, which may inßuence within-Þeld abundance. Additionally, Þelds planted later in the growing season have been observed to exhibit higher aphid densities and sustain greater yield losses (Grau et al. 2002 , Myers et al. 2005b .
Soil nutrient availability may also contribute to soybean aphid performance and inßuence the likelihood of population outbreaks through its effect on host plant quality. It has been well documented that many insect herbivores are inßuenced by plant nutritional quality (Perrenoud 1990, Waring and Cobb 1992) , and aphids and other phloem feeding insects in particular can be sensitive to changes in plant macronutrients such as N (Waring and Cobb 1992 , Awmack and Leather 2002 , Jansson and Ekborn 2002 . Reports of K fertility on insect herbivore performance are less common and vary, with some reviews Þnding that aphids responded positively to K fertilization in 60% of the experiments (Perrenoud 1990) , whereas others ( van Emden 1966) have found that low K fertility resulted in a positive aphid response 55% of the time.
Both N and K are known to inßuence soluble N levels in the plant to which aphids have been shown to respond favorably (Auclair 1965) . In particular, K deÞciency can disrupt protein synthesis, which can result in an increase in amino acids, soluble N, and a decrease in sugar concentrations (Noguchi and Sugawara 1966 , Mengel and Kirkby 1982 , Dale 1988 ). This may be especially beneÞcial to sap-feeding aphids that concentrate N while excreting surplus sugars.
For soybean aphid, Myers et al. (2005a) recently found that performance improved when aphids were fed excised leaves of K-deÞcient soybean plants under laboratory conditions. However, in companion Þeld experiments, a signiÞcant impact of K on aphid populations was not observed. While these results offer some insight into the role of K on soybean aphid population dynamics, questions remain regarding the role of K on soybean aphids feeding under Þeld conditions. The purpose of this study was to evaluate the impact of K fertility on soybean aphid populations at both a regional and Þeld level scale to quantify the relationship between K and aphid performance. To understand the relationship between K levels in the soil and in soybean leaves and the dynamics of soybean aphid populations, we used two complimentary approaches. First, we examined the rate of soybean aphid population growth across a natural gradient of soil K levels in production soybean Þelds throughout Wisconsin. Second, we experimentally manipulated K levels in the soil to elucidate the impacts of K stressed soybean plants on soybean aphid performance. The results of this study will improve our understanding of how variable K levels in soils and soybean leaves relate to soybean aphid population growth and if host plant quality more generally inßuences soybean aphid populations.
Materials and Methods
Regional Study. In the summer of 2004, 34 Þeld sites throughout Wisconsin were selected to monitor soybean aphid populations and measure soil and leaf tissue K levels. Fields were located across a broad 192-km north-south transect that included 13 Wisconsin counties. To ensure a range of K levels in our survey, Þelds were selected based on previous soil testing, which showed K levels ranging from deÞcient (Ͻ80 ppm) to excessive (Ͼ200 ppm). Sampled Þelds varied in planting date, row spacing, and variety. Both organic and conventionally grown soybeans were included in the experiment. None of the Þelds were treated with an insecticide during the course of this study.
Soybean aphid populations were evaluated every 7 d from 20 July to 26 August for a total of Þve sampling dates. In each Þeld, 50 plants were chosen at random, and the total number of aphids per plant was recorded. The intrinsic rate of increase (r) of soybean aphid populations in each of the three treatments was estimated using the slope of the natural log (ln) of aphid density per plant over time (days).
Soil samples were taken from each Þeld on 20 July to quantify plant available P and K and on 9 August to measure plant available nitrogen . Ten soil core samples, Ϸ500 cm 3 each, were taken from the portion of each Þeld that was sampled for aphids. Individual cores were mixed together, and a composite sample of Ϸ500 cm 3 was prepared for analysis. Soil samples taken on 20 July were stored at room temperature in plastic soil sample bags before P and K analysis at the University of Wisconsin Soil and Plant Analysis Lab (UWSPAL, Madison, WI). Soil extractions were performed using Bray P1 extract (Bray and Kurtz 1945) and analyzed by atomic absorption (K) and UV-Vis spectrophotometer (P). Soil samples from 9 August for N analysis were stored on ice in coolers and were hand homogenized to remove roots and rocks. Ten grams of soil was weighed out and extracted in 2 M KCl. Extracts were frozen before colorimetric NH 4 ϩ (method 12Ð107-06 Ð2-A) and NO 3 (method 12Ð107-04 Ð1-B) determination on the Lachat QuikChem ßow injection analyzer (Lachat Instruments, Milwaukee, WI).
Leaf tissue samples were taken from each Þeld on 20 July. Leaf tissue sampling was performed according to the protocol outlined by UWSPAL by removing the uppermost fully expanded trifoliate of 10 soybean plants at the R1-R2 plant stage. Leaf tissue analysis quantiÞed N, P, K, Ca, Mg, S, Zn, B, Mn, Fe, Cu, Al, and Na. Leaf tissue samples were allowed to air dry in paper bags and were taken to UWSPAL for analysis using inductively coupled plasma optical emission spectrometry (Zhang 2005) .
To understand the relationship between soybean aphid population growth and soil and leaf nutrients, we performed a principal components analysis (PCA) on the soil and leaf nutrient variables separately. PCA was done to reduce the number of variables and to examine correlations among the nutrients. Principal component axes were extracted using the correlations among variables to account for differences in sampling units (PC-ORD ver. 4.3, McCune and Mefford 1999) . For the soil data, two sites were not used in the analysis because they had extreme values in P and NO 3 -and would unduly affect the assumption of approximately multivariate normal distribution. To examine the relationship between the suite of leaf and nutrients and aphid populations, we correlated PC loading scores of each site with aphid population growth rate and average abundance observed at the beginning (20 and 27 July) and end of the sampling (19 and 26 August).
Field Manipulation Experiment. This experiment was conducted at the University of Wisconsin Agricultural Research Station (UWARS) at Arlington, WI, in the summer of 2004. The experimental design was a randomized complete block with 14 replications. Soil samples were collected on 13 April (preplanting) from three areas across a transect of the Þeld to determine the baseline soil P and K levels. Three K treatments were established on 13 April in individual plots by adding KCl fertilizer. Potassium treatments were classiÞed as low (0 kg/ha KCl fertilizer added), medium (56 kg/ha KCl), and high (112 kg/ha KCl). Phosphorus was applied to all plots as Ca(H 2 PO 4 ) 2 at a rate of 112 kg/ha to prevent P deÞciency in the Þeld.
Soybean variety Kaltenberg 192 was planted on 19 June in 0.76-m rows, and individual plots measured 3.05 by 7.62 m. As soybean plants reached the V5 stage (Ritchie 1994) , two plants in each plot were selected to receive aphids in clip-cages on a single leaf. Clipcages were constructed of 50 by 9-mm petri dishes (Benton Dickinson and Co., Franklin Lakes, NJ), with the outer surfaces of the tops and bottoms removed. The upper half of the clip-cage had Þne nylon mesh afÞxed, the top and bottom were hinged with 49-mm metal all purpose hair clips (Brentwood Beauty Labs, Hillside, IL), and foam was glued to the inside edges of the plastic to avoid damage to soybean leaves and seal in aphids. Two neonate aphids were added to a single leaßet from the uppermost fully expanded trifoliate on the plant and conÞned within a clip-cage. If both aphids survived to adulthood, one was removed so that a single aphid remained in each clip-cage. Aphid growth stage, survivorship, and the number of offspring per aphid were recorded daily for 35 d. As females began to reproduce, offspring were removed from the clip cages daily, and missing adult aphids resulting from escape or predation were counted as censored observations at the day of their disappearance. Soil and leaf tissue samples were taken from each plot on 22 July, when plants were at the R1 growth stage, and analyses were performed at UWSPAL in the same manner described in the regional study.
Life table statistics were calculated for the aphid cohorts on each K treatment using PopTools 2.5 (Hood 2003) . Kaplan-Meier survivorship analysis (Parmer and Machin 1995) was used to account for censored data. The Þnite rate of increase (), intrinsic rate of increase (r m ), net reproductive rate (R o ), and mean generation time (T) were calculated for the populations in both treatments. To test for statistical differences in the life table parameters between treatments, randomization tests were performed (Hood 2003) . Under the null hypothesis of no difference between the treatments, individual replicates from each original treatment were randomly shufßed between two treatments being compared. Life table parameters were recalculated for each iteration (n ϭ 1,000), and a test statistic was computed as the difference between life table parameters computed for each newly shufßed treatment combination. The number of times that the difference between life table parameters from the shufßed data exceeded the difference between the parameters calculated from the original data determined the P value for a treatment comparison. This procedure was repeated for each pairwise treatment comparison, and the overall ␣ was adjusted (dividing by 3) to reßect the multiple comparisons. Jackknife estimates of parameters were used to construct 95% conÞdence intervals for each treatment (Meyer et al. 1986, Sokal and Rohlf 1995) .
Naturally occurring soybean aphid populations were monitored within K level manipulation plots concurrent with the clip-cage experiment. Aphid populations were sampled by counting the total number of nymphs and adults on 10 plants from the center two rows of each replicate treatment. Sampling was conducted on 22 July, 5 August, 12 August, 19 August, and 26 August. The intrinsic rate of increase (r) of soybean aphid populations in each of the three treatments was estimated by determining the slope of natural log (ln) of aphid density per plant over time (days).
The effect of K treatments on soybean aphid densities on individual sampling dates was examined using a repeated-measured mixed model analysis of variance (ANOVA; PROC MIXED), and a one-way ANOVA was used to test for a treatment effect on population growth rates. Least squared means (LSMEANS) and Tukey honestly signiÞcant difference (HSD) were used to make comparisons among the three treatments (SAS Institute 1998).
Results
Regional Survey. The Þrst three principal component axes extracted from the leaf nutrient data explained a cumulative 61% of the variance in the data (Table 1) . Axes 1 and 2 were the most informative in explaining the relationship between variables (Fig. 1A) . The Þrst PC axis shows that, in general, there was a positive correlation between N, P, S, and K (Fig. 1A , direction of vectors) in soybean leaf tissues and that sites that had high values in these variables tended to have low Ca and Mg content and vice versa. Thus, high values in PC1 suggest high macronutrients and low micronutrients in the leaves of soybean. The second PC axis found a positive correlation between Al and Fe in the leaf tissues and a negative association between these elements and Cu. Hence, high values in PC2 are associated with leaf metal content. Other relationships between PC1 and PC3, or PC2 and PC3, either showed similar associations (PC1 versus PC3) or found little relationship between the variables (PC2 versus PC3).
Soil nutrient analyses for each site also showed a positive correlation between K and P, which load positively on the Þrst PC axis (Fig. 1B) . The concentration of N (as NH 4 -N and NO 3 -N) in the soil was uncorrelated to K and P and was positively associated with PC2.
There was a signiÞcant negative correlation between population growth rate and leaf PC1 ( Fig. 2A) and a positive correlation between average initial and peak soybean aphid abundance and PC1 ( Fig. 2B ; Table 1 ). There was only a weak (PC2 and initial
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MYERS AND GRATTON: EFFECT OF POTASSIUM ON SOYBEAN APHID POPULATIONSabundance, P ϭ 0.04) or no association between either PC2 or PC3 and population growth rate or aphid abundance (P ϭ 0.08 Ð 0.91; Table 1 ). Soil PC1 was only weakly (P ϭ 0.04) negatively associated with aphid population growth rate ( Fig. 2A ; Table 1 ) and positively related to average initial (P Ͻ 0.001) and peak (P ϭ 0.06) aphid abundance ( Fig. 2B ; Table 1 ). There was no relationship between soil PC2 or PC3 with aphid populations. Field Manipulation Experiment. Preplant soil analysis performed at UWSPAL indicated that mean P and K levels were 16 and 67 ppm, respectively, in the Þeld used for this experiment. Application of KCl to treatment plots treatments resulted in signiÞcant differ- Relationship between PC1 and (A) soybean aphid population growth rate and (B) average peak soybean aphid abundance for aphids surveyed in (n ϭ 34 for leaf, n ϭ 32 for soil analyses) production soybean Þelds in Wisconsin, 2004. ences in soil K levels among the three K treatments (df ϭ 2,26; F ϭ 51.17; P Ͻ 0.0001; Fig. 3 ). In addition, there was a signiÞcant treatment effect on leaf K levels (df ϭ 2,26; F ϭ 237.02; P Ͻ 0.0001), but only the low K treatment differed signiÞcantly from the other two treatments ( Table 2 ). The K treatment also resulted in changes in leaf tissue Ca, Mg, B, Mn, Fe, and Cu, whereas no treatment differences were found for leaf tissue N, P, S, Zn, Al, and Na (Table 2) .
Aphids developing on the low K treatment performed signiÞcantly better than those on the medium and high K treatments. Aphids in all three treatments reached adulthood at Ϸ7 d. The majority of aphids began producing nymphs within 24 h after reaching adulthood, and peak reproduction occurred by day 12 in all treatments (Fig. 4A ). Time to 50% mortality of the cohort occurred at 28, 20, and 32 d for the low, medium, and high K treatments, respectively (Fig.  4B) , and did not differ signiÞcantly among treatments (Wilcoxon 2 ϭ 3.50, df ϭ 2, P ϭ 0.17). In contrast, net reproductive rate, R o , was 61% higher in the low K treatment than in either the medium or high K treatments (Table 3 ). In addition, measurements of aphid population increase, r m , intrinsic rate of increase, and , the Þnite rate of increase, were 14 and 4% greater, respectively, in the low K treatment compared with the combined mean of the medium and high K treatments. No signiÞcant difference in mean generation time (T) was observed among the three treatments (Table 3 ). In contrast, aphids on the medium and high K treatments performed similarly for all of the life table parameters (Table 3) .
Densities of naturally occurring aphids were significantly affected by K treatment (df ϭ 2,26; F ϭ 53.18; P Ͻ 0.0001), date (df ϭ 4,156; F ϭ 120.18; P Ͻ 0.0001), and treatment ϫ date (df ϭ 4,156; F ϭ 29.17; P Ͻ 0.0001). LSM comparisons showed that peak aphid abundance (average of 19 and 26 August) on the low K treatment was signiÞcantly higher (181.9 Ϯ 14.3) than that on the medium (65.7 Ϯ 5.8) and high (65.0 Ϯ 2.8; Fig. 5 ) treatments. No signiÞcant differences were observed among the three treatments at the other sampling dates. A signiÞcant treatment effect was also observed for population growth rate (r m , df ϭ 2,26; F ϭ 8.34; P ϭ 0.0016). Growth rates were 0.190, 0.159, and 0.169 for the low, medium, and high K treatments, respectively. SigniÞcant differences in r m were observed between the low K and both medium and high K treatments; however, no difference was observed between the high and medium K treatments.
Soybean yield was signiÞcantly affected by K treatment (df ϭ 2,26; F ϭ 147.96; P Ͻ 0.0001). LSM comparisons showed that soybean yield in the low K treatment was signiÞcantly less (48%) than the yield of the medium and high K treatments combined, which were not signiÞcantly different from each other (Fig. 6 ).
Discussion
The results of this study provide strong evidence that variation in K plays an important role in inßu-encing soybean aphid population dynamics at both the Þeld and regional scale. In general, Þelds or small plots that exhibited low K levels tended to have the highest rates of soybean aphid population growth. In the regional Þeld survey, rapid aphid population increases were negatively correlated to the soil and leaf principal component axis most related to variation in macronutrients. While K is one variable that loads highly with PC1, there is also a positive correlation with N, P, and S and a negative correlation with Ca and Mg, making it difÞcult to attribute soybean aphid population growth solely to soil and leaf K in this correlative study. The smaller plot-scale experiment, however, only differentially manipulated K levels. In clip-cage experiments, as well as the open plant population census, aphid populations grew most rapidly when K levels were low (Ͻ70 ppm) relative to plots with higher K (Ͼ110 ppm) levels. These results are consistent with each other and support evidence from prior experiments (Myers et al. 2005a ) that suggested that soybean K deÞciency can produce an increase in aphid population growth.
Together, these Þndings support the notion that "bottom-up" effects, that is changes in resource quality, can affect populations of herbivorous consumers (Stadler 2004) . Similarly, there are a number of studies that have shown that changes in both N (van Emden and Bashford 1969 ,Pettit et al. 1994 , Cisneros and Godfrey 2001 , Nevo and Coll 2001 , Awmack and Leather 2002 and K ( van Emden 1966 , Perrenoud 1990 , Waring and Cobb 1992 inßuence the population ecology of aphids. In addition, the effect of N on other sap-feeding insects has also been well documented (White 1984 , Boyer et al. 2003 , Gratton and Denno 2003 . However, while our results clearly show that bottom-up effects impact aphid populations, other research (Ellingson 2004 , Fox et al. 2004 ) has documented that "top-down" forces also play an important role in regulating aphid populations. This suggests that both natural enemies and plant nutritional quality work in concert to affect aphid populations.
The improved soybean aphid performance we observed on K-deÞcient soybean is likely the result of changes in plant chemistry induced from K stress. Potassium deÞciency in soybean may alter the N availability in the plant, making it a better resource for soybean aphid. Potassium stress is known to hinder the oxidative phosphorylation of ADP to ATP, which disrupts the plants ability to accumulate and use energy (Bergmann 1992) . The result is an accumulation of high concentrations of low molecular weight NÐ containing compounds in plant tissues because plant enzyme reactions are disrupted and plants are unable to synthesize proteins from amino acid soybean aphids raised in clip-cages on three K treatments (high, medium, low) n, number of females used in the analysis; , Þnite rate of pop increase; r m , intrinsic rate of increase; R o, net reproductive rate; T, mean generation time; 95% CI, 95% conÞdence intervals constructed using jackknife estimates of parameters. Treatment comparisons are made within columns using randomization tests; means with different letters indicate signiÞcant differences among treatments (P Ͻ 0.017).
constituents. In this study, improved aphid performance is likely the result of either an overall increase in free N in the plant phloem and readily available to soybean aphids or a change in the composition of amino acids in the plant phloem that is beneÞcial to soybean aphids (C. DiFonzo, personal communication) . A quantitative analysis of both free N and individual amino acid constituents in the phloem of K stressed soybean plants would be useful in determining the plants physiological response to K stress and could provide further insight into the effect of K fertility on soybean aphid that was observed in this study.
Results from the regional and experimental studies were largely consistent whether we examined leaf or soil nutrients, although relationships are more pronounced between leaf nutrients and aphid populations. In the regional study, a diverse array of production soybean Þelds that differed in soybean variety, planting date, tillage, soil type, conventional versus organic, etc., across a wide geographical area were surveyed. Differences in nutrient management programs are likely responsible for some of the co-varying nutrient levels, most notably the covariance of K and P in both leaf and soil analysis because these macronutrients are often added together in manure or chemical fertilizer applications. The negative correlations of PC1 with Mg and Ca may be partially caused by competitive inhibition of Ca 2ϩ and Mg 2ϩ ion uptake by K when higher K levels are found in the soil (Shulte and Walsh 1994) . However, our soil analysis did not include plant available Ca and Mg.
There was an unexpected opposing relationship between PC1 and aphid population growth rate (negative) and peak aphid density (positive). This relationship may have occurred because the Þelds that had the highest initial aphid densities (on 20 and 27 July) also had the highest Þnal density but these populations grew at the slowest rate (Table 1) . This pattern may result from Þelds with high PC1 (higher overall macronutrients) being preferred by initial colonizers and/or beneÞting early-season aphid populations. However, because symptoms of K deÞciency are not manifested until midway through the growing season when plants are at the reproductive stages (Bergmann 1992) , aphid populations on low K plants (negative PC1 values) are able respond with higher growth rates not observed on plants that have adequate levels of K and higher N and P levels. This explanation is consistent with the results of both the regional survey, where the rate of population growth was greatest in Þelds that exhibited nutrient deÞciencies, and the Þeld manipulation study, in which signiÞcant differences in natural aphid population densities among treatments were not observed until later in the growing season (19 and 26 August) when both aphid densities and population growth rate in the low K treatment greatly exceeded those in the elevated K treatments. In the manipulative experiment, all other important nutrient variables (e.g., N and P) were comparable across treatment plots, precluding any initial differences in colonizing aphids.
Manipulation of K levels in the controlled Þeld experiment allowed us to control for variation in other nutrient levels across treatments and more accurately account for the effect of K on soybean aphid populations. Nevertheless, leaf tissue Ca and K levels were positively correlated across the three treatments, yet it is likely that any differences in Ca between treatments in this experiment had minimal, if any, biological relevance to soybean aphids. The experiments in our study exhibited a normal range of leaf tissue Ca levels (Ͼ0.50%, Kelling and Schulte 1992) . There is little available evidence in the literature that suggests Ca levels in plant tissues inßuence herbivore performance. In fact, many studies have found no effect of Ca deÞciency on insect performance (Haseman 1946 , Salama et al. 1985 . Although Barker and Tauber (1951) and Kindler and Staples (1970) have linked Ca deÞciency to improved aphid performance, their experiments involved plants that were severely Ca stressed. In addition, the relationship between K and Ca was opposite in the Þeld manipulation (plots with higher leaf K levels were higher in Ca; Table 2 ) and regional studies (Þelds with plants higher in leaf K were lower in Ca; Fig. 1A ). Because K deÞciency was consistently correlated to increased aphid population growth rate, it is unlikely that Ca plays a signiÞcant role in inßuencing aphid populations. With the exception of K, all leaf tissue nutrient levels remained within the acceptable range based on soybean production recommendations (Kelling et al. 1998) .
Results from the clip-cage experiment showed aphid performance improved and natural aphid populations grew more rapidly on K-deÞcient soybean plants. This response was principally caused by the marked increase in aphid fecundity in the low K treatment over the medium and high K treatments. Population growth rate, as measured by r m , was 14 and 16% greater on K deÞcient plots in clip-cage and natural populations, respectively. Greater fecundity rates result in population increases that are ampliÞed with each succeeding generation. Subsequently, the potential for outbreaks of soybean aphid populations increases dramatically when they occur in K deÞcient soybean Þelds.
The lower r m estimated in open plots compared with clip-cages is likely caused by predation from arthropod natural enemies, which were commonly observed feeding on soybean aphids in the Þeld. However, despite higher aphid densities in the low K plots and the possibility for density-dependent predation (Bryan and Wratten 1984, Brown 2004) , aphid populations grew more rapidly in the low K treatment than in the medium and high K plots. Based on this supposition, our estimates of aphid population growth rates in the low K treatment are likely conservative. This suggests that even in open plots, where predators can operate, the effects of plant quality still had a large effect on soybean aphid populations.
While it is not possible to determine from these experiments whether elevated aphid densities in low K plots resulted in additional losses of soybean yield, it is important to note that soybean aphid populations in Wisconsin during the 2004 growing season were the lowest since their discovery in Wisconsin in 2000 (S.W.M., unpublished data). In addition, peak aphid densities occurred 20 Ð30 d later than they are normally observed during "outbreak" years when heavy aphid infestations are common, so the impact of aphid feeding on soybean yield was likely minimal. Only soybean aphid densities in the low K treatment exceeded the recommended economic threshold of 250/ plant (Boerboom et al. 2005 ) and that did not occur until 26 August. Soil and leaf tissue K levels in the medium K treatment are not considered low enough to result in yield loss, whereas those in the low K treatment would be considered deÞcient (Kelling et al. 1998) . Hence, it is yet to be determined what the relationship between K deÞciency and aphid outbreaks will be during a year with higher overall aphid numbers and whether aphids can exacerbate the effect of K-deÞciency on soybean yield. Nonetheless, the improved performance of soybean aphid on K deÞcient plants indicates that "bottom-up" effects can play an important role in inßuencing the population dynamics of soybean aphids, an effect not previously shown for soybean aphids. Thus, from an applied perspective, proper K fertilization may serve to beneÞt soybean yields as well as reduce the probability of aphid outbreaks.
